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Abstract 


The magnetic nature of lithium insertion materials of LiNi,;_,Co,O2 (x=0, 1/4, 1/2, 3/4, and 1) were investigated by means of positive muon-spin 
rotation/relaxation (41*SR) spectroscopy combined with X-ray diffraction (XRD) analyses and susceptibility measurements. Zero field p*SR spectra 
for all the samples below 300 K were well fitted by a dynamic Kubo-Toyabe function, indicating the existence of randomly oriented magnetic 
moments even at 2K, i.e., disordered state. The field distribution width A due to magnetic Ni** ions decreases exponentially with increasing 
x, suggesting that the Co substitution is likely to simply dilute Ni moments. This also supports that cobalt and nickel ions are homogeneously 
distributed in a solid matrix even in a muon-scale (microscopically), which is consistent with the results of macroscopic measurements. 


© 2007 Elsevier B.V. All rights reserved. 
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1. Introduction 


Muon-spin rotation/relation (u*SR) spectroscopy is very 
sensitive to local magnetic environment and one of the powerful 
techniques to detect both static and dynamic internal magnetic 
fields from 0.1 Oe to 100 kOe caused by nuclear and electronic 
origin [1]. According to macroscopic magnetic measurements, 
LiCoO, is paramagnet down to 5K [2,3], because the Cort 
ions are in the low-spin state with S =0 ts e9). However, u*SR 
detects a long-range antiferromagnetic order below 30 K prob- 
ably due to charge separation of Co*+ ions at low temperatures 
(2Co** —> Co?* +Co*) [4]. The Ni** ions in LiNiO2, which is 
isostructural to LiCoO3, are also in the low-spin state with of $ = 
} (e el) [5]. Although the magnetism of LiNiO2 samples are 
strongly affected by Ni ions at the Li layer, an antiferromagnetic 
transition below ~10K is usually observed by susceptibility 
(xX) measurements [6,7]. The recent 1*SR experiment however 
showed the absence of long-range order even at 2 K but a spin- 
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glass-like fast fluctuation below 10 K for Lig.9g Ni; .92O02 [8]. The 
u.* SR experiments hence provide microscopic information on a 
ground state of LiCoO2 and LiNiOp. 

In this paper, we report microscopic magnetism of lithium 
insertion materials of LiNij—Co,O2 (0 < x < 1) by p” SR com- 
bined with the macroscopic measurements such as, X-ray 
diffraction (XRD) analyses and x measurements. 


2. Experimental 


Powder samples of LiNi;—,Co,O2 (x =0, 1/4, 1/2, 3/4, and 1) 
were prepared by a solid-state reaction technique [9-12] using 
reagent grade LiNO3 (or LiOH*®H20), NiCO3, and CoCO3. 
Reaction mixtures were pressed into a pellet (23 mm diameter 
and ca. 5 mm thickness) and heated at 650°C in an oxygen flow 
for 15h. The pre-calcined pellet was then ground and pressed 
into a pellet again, and was subsequently fired at 750°C in oxy- 
gen flow for 15h. For LiCoOz, the reaction mixture was heated 
at 900°C in air for 15h. The final products were characterized 
by a powder XRD (RINT-2200, Rigaku Co. Ltd., Japan) and 
an induction coupled plasma (ICP) atomic emission spectral 
(AES) analyses, and x measurements using a superconducting 
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Fig. 1. Lattice constant of ap- and cp-axes as a function of x for LiNi;~,Co,O2. 


quantum interference device (SQUID) magnetometer (MPMS, 
Quantum Design). The XRD data were obtained by using an 
X-ray diffractometer with Cu Ka radiation. x were measured 
in the temperature range between 5 and 400 K under magnetic 
field H = 10 kOe. 

In preparing the electrodes, polyvinylidene fluoride (PVdF) 
dissolved in N-methyl-2-pyrrolidone (NMP) solution was used 
as a binder. The black viscous slurry consisting of 88 wt% active 
material, 6 wt% acetylene black, and 6 wt% PVdF was cast on 
an aluminum foil with blade. NMP was evaporated at 120°C 
for 30 min, and finally the electrodes (1.5cm x 2.0cm) were 
dried under vacuum at 150°C for 12h. For electrochemical 
tests, the counter electrode was prepared by pressing lithium 
metal onto a stainless steel substrate. Two sheets of porous 
polypropylene membrane (Celgard 2500) were used as a sep- 
arator. Electrolyte used was 1 M LiPF¢ dissolved in ethylene 
carbonate (EC)/dimethyl carbonate (DMC) (3/7, v/v) solution. 

The p*SR experiments were performed on M20 surface 
muon beam line at TRIUMF in Vancouver, Canada. One gram of 
LiNi,—,Co,O2 powder were pressed into a pellet (17 mm diam- 
eter and ca. | mm thickness) and placed in the sample holder of 
cryostat. The experimental setup and technique were described 
in elsewhere [13]. 


3. Results and discussion 


The prepared samples were identified as a layered struc- 
ture with a space group of R3 m, in which transition metal and 
lithium ions are located at 3a and 3b sites, respectively, in a cubic 
close-packed oxygen array. Fig. 1 shows the change in lattice 
constants as a function of x for LiNi;_,Co,O2. The length of 
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Fig. 2. Charge and discharge curves of (a) Li/LiNiO2, (b) Li/LiNiy;2Co1/202 
and (c) Li/LiCoQ) cells operated at 0.17 mA cm7? in the voltage range between 
2.5 and 4.2 V at 25°C. 


a- and c-axes in the hexagonal unit-cell was calculated by a 
least-squared method using at least 13 diffraction lines. Both 
an and cp decrease linearly with increasing x, indicating that 
LiNi;—,Co,O2 is a solid solution of LiCoO?2 and LiNiO>. 

Fig. 2 shows the charge and discharge (C/D) curves of (a) 
Li/LiNiOg, (b) Li/LiNij/2Co 4/202 and (c) Li/LiCoO) cells oper- 
ated at a rate of 0.17 mA cm7? in the voltage range between 2.5 
and 4.2 V at 25°C. The C/D curve for LiNiO2 exhibits the oper- 
ating voltages above 3.5 V with a couple of plateaus at ca. 3.6 
and 4.0 V. The rechargeable capacity (Qr) in the voltage range 
between 2.5 and 4.2 V is ca. 160 mAh g~!. According to the ratio 
of the integrated XRD peaks 1(0 03)/I(1 04) and the ICP-AES, 
the amount of Ni ions at the Li sites for the LiNiOz sample is 
below 0.04, that is, z < 0.04 in (Li1—:Niz)3b[Ni1—z]3a02. As seen 
in Fig. 2(b), LiNi,/2Co1/202 shows the lowest operating voltage 
among the four samples with Q, = 150 mAh g~!. The continuous 
change in the slope of the C/D curve, i.e. the absence of plateaus, 
is a characteristic feature of LiNi,/2Co1/202. LiCoO2 shows 
the highest operating voltage, while the Q, ~ 140 mAhg™!. The 
operating voltage between 0 and 70 mAh g7! seems to be almost 
constant (~3.9 V). The structural and electrochemical proper- 
ties for the present samples are thus consistent with the previous 
results [9-12]. 

Fig. 3 shows temperature (7) dependence of (a) x and (b) x) : 
x was measured in field-cooling (FC) mode with H= 10 kOe. 
The x(7) curves for LiNi;—;Co,O2 show a Curie-Weiss para- 
magnetic behavior down to ca. 100K except for LiCoO2. A 
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Fig. 3. Magnetic susceptibility (a) x and (b) x7! for LiNij_,Co,O2; x=0 
(LiNiO2, open circles), x= 1/4 (closed circles), x= 1/2 (open triangles), x = 3/4 
(closed triangles), and x= 1 (LiCoO2, open squares). x was measured in field- 
cooling (FC) mode with H= 10 kOe. 


rapid increase in x with decreasing T is observed below 100 K 
for LiNiO2 and below 50 K for LiNij_,Co,O2 (x= 1/4, 1/2, and 
3/4). For the paramagnetic state, the Curie-Weiss law in the 
general form is written as 


2 
Ni ete 


ee Se 1 
r=) d) 


X 
where N is the number of Ni and Co ions per gram, Mefe the 
effective magnetic moment of Ni and Co ions, kg the Boltz- 
mann’s constant, T the absolute T, ©p the paramagnetic Curie 
T, and xo is the T-independent susceptibility. Using Eq. (1) in 
the T range between 200 and 400 K, we obtain the values of eff 
for LiNi;—;Co,02 (x=0, 1/4, 1/2, and 3/4), as shown in Fig. 4. 
The value of (erg decreases monotonously with increasing x for 
LiNi,—,Co,O2 as expected. The dotted line represents the theo- 
retical eff using the low-spin state configuration for Co**(S = 0) 
and Ni**(§ = 5) ions with g=2. The discrepancy between the 
experiment and the theoretical calculation (26% for LiNiO2) is 
probably due to an enhancement of the g-factor caused by a local 
Jahn-Teller distortion of NiOg-octahedra in LiNi;—,Co,O> [14]. 

Fig. 5 shows the zero-field (ZF)-u*SR spectra in the time 
domain (a) below 10 us and (b) below 0.1 ws at 2 K. The ZF- 
»* SR spectrum for LiNiO; exhibits a very fast relaxation mainly 
observed below 0.02 us, as reported for Lio.o8Ni1.0202 [7] in 
which the explicit formula of actual LiNiO2 sample is repre- 
sented by (Lit;_-Ni?*,)3p[Ni?*,Ni?*|_-]3,02. The Ni?* ions 
at the Li sites is also known to enhance a ferromagnetic inter- 
action probably due to the ferrimagnetic cluster formed by the 
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Fig. 4. Effective magnetic moments [lee as a function of x for LiNij~,Co,O2. 
The dotted line is the theoretical value for LiNij—,Co,O2 using the assumption 
that Ni*+ and Co** are in the low-spin state with S 5 and g=2, and S=0, 
respectively. 


intralayer Ni?*-O-Ni** coupling [15]. However, since the fast 
relaxation is not observed for the sample with z=0.07 (not 
shown), the fast relaxation is considered to be an intrinsic fea- 
ture of LiNiOz. Note that the relaxation rate suppressed by 
the Co substitution of Ni as seen in the ZF-y~*SR spectrum 
for LiNij/2Co 1/202 (Fig. 5(b)). In order to examine the relax- 
ation rate, the ZF-y.*SR spectra were fitted with a combination 
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Fig. 5. ZF-w*SR time spectra in different time domains: (a) 0-10 ps and 
(b) 0-0.1 us, for LiNiOz (open circles), LiNi,/2Co1/2O2 (closed circles), and 
LiCoO) (open triangles). Fitting result by using Eq. (2) for each curve is given 
by solid curves. 
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Fig. 6. The static width of the local field A as a function of x for LiNi;~,Co,O2. 
A linear relation between log A and x is observed. 


of a dynamic Kubo-Toyabe signal [16] and an exponentially 
relaxation signal. 


Ao P(t) = AxrGPGET (t, A, v) + As exp(—As?), (2) 


where Ao is the empirical maximum muon decay asymmetry, 
Axr and Ag are the asymmetries of a dynamic Kubo—Toyabe 
component due to magnetic Ni** ions and a slowly relaxing 
component originated from nuclear magnetism of ’Li and *°Co, 
Às the slow relaxation rate, A the static width of the local fields 
at the disordered sites, and v is the field fluctuation rate (“hop- 
ping” rate). When v=0, GPSKT (t, A, v) is the static Gaussian 
Kubo-Toyabe function G*"(t, A) given by 
2,2 
GET, A) = 5 + 2 — 022) exp CE) ; (3) 
3 3 2 

Fig. 6 shows the field distribution width A as a function of x 
for LiNi;—,Co,O2. The data were obtained by fitting ZF-u*SR 
time spectra with Eq. (2). A linear relation is observed in the log 
(A) versus x curve. In other words, A decreases exponentially 
with increasing x, suggesting a significant role of Ni?t moments 
on A. This also strongly indicates that the distribution of cations 
is microscopically homogeneous in LiNij—,Co,O2, that is, the 
solid solution of LiNiO2 and LiCoO2 in a microscopic scale. 

In summary, we applied the p*SR technique to clarify 
the microscopic magnetism on lithium insertion materials of 
LiNi;—,,Co,,O2 and found the drastic decrease in the static width 
of the local fields (A) with x. Although the origin of the x 
dependence of A is currently unclear, we expect that further 
u SR experiments on electrochemically oxidized Lij_yCoO2 


and Li; yNiQ provide a clear insight on the microscopic nature 
of lithium insertion materials in relation to electrochemical reac- 
tivity. 
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